Aims Remodelling of the extracellular matrix (ECM) is a key mechanism involved in the development and progression of heart failure (HF) but also functional in associated pulmonary hypertension (PH). Our aim was to identify plasma ECM proteins associated to end-stage HF and secondary PH in relation to haemodynamics, before and after heart transplantation (HT). Methods and results Twenty ECM plasma proteins were analysed with proximity extension assay in 20 controls and 26 HF patients pre-HT and 1 year post-HT. Right heart catherization haemodynamics were assessed in the patients during the preoperative evaluation and at the 1 year follow-up post-HT. Plasma levels of prolargin and matrix metalloproteinase-2 (MMP-2) were elevated (P < 0.0001) in HF patients compared with controls and decreased (P < 0.0001) post-HT towards controls' levels. The decrease in prolargin post-HT correlated with improved mean right atrial pressure (r s = 0.63; P = 0.00091), stroke volume index (r s = À0.73; P < 0.0001), cardiac index (r s = À0.64; P = 0.00057), left ventricular stroke work index (r s = À0.49; P = 0.015), and N-terminal pro brain natriuretic peptide (r s = 0.7; P < 0.0001). The decrease in MMP-2 post-HT correlated with improved mean pulmonary artery pressure (r s = 0.58; P = 0.0025), mean right atrial pressure (r s = 0.56; P = 0.0046), pulmonary artery wedge pressure (r s = 0.48; P = 0.016), and N-terminal pro brain natriuretic peptide (r s = 0.56; P = 0.0029). Conclusions The normalization pattern in HF patients of plasma prolargin and MMP-2 post-HT towards controls' levels and their associations with improved haemodynamics indicate that prolargin and MMP-2 may reflect, in part, the aberrant ECM remodelling involved in the pathophysiology of HF and associated PH. Their potential clinical use as biomarkers or targets for future therapy in HF and related PH remains to be investigated. ESC Heart Failure 2020; : 224-235 7
Introduction
The development and progression of heart failure (HF) are operated by a complex interplay of several pathogenic mechanisms, including haemodynamic overload, inflammation, and extracellular matrix (ECM) remodelling. 1 The ECM is a scaffold of proteins contributing to the architecture of intact ventricles. An imbalance in the formation and degradation of the ECM is involved in impaired left ventricular (LV) function. For instance, ventricular remodelling due to excessive ECM production in hypertrophy due to pressure overload is characterized by increased LV stiffness as well as impaired relaxation and contraction. 1, 2 Accordingly, secondary pulmonary hypertension (PH) develops from a rise in left-sided filling pressures due to LV dysfunction. In this setting, the PH is enhanced by mechanical components of venous congestion including increased stiffness of the left atrium due to interstitial fibrosis, reduced left atrial compliance, and impaired contractility. 3 This may further induce endothelial dysfunction with a concomitant vasoconstriction and progress into vascular remodelling, in which the ECM is involved. [3] [4] [5] Blood-borne biomarkers, including but not limited to proteomics, exhibit an important clinical utility and have become the subject of intense inquiry. 6, 7 In addition to their clinical and prognostic value, as well as having a potential pivotal role in clinical decision making, biomarkers may provide important information on the pathophysiology of HF and aid in identifying new diagnostic and therapeutic approaches. 1, 6, 7 Given the critical role of the ECM in cardiovascular development and pathophysiology, [8] [9] [10] identifying alterations of ECM proteins, which may reflect and/or determine the homeostasis of cardiac remodelling and pulmonary vascular development, are of great importance. Moreover, biomarkers constitute a crucial step towards developing individualized therapies and more importantly, new therapies in the field of HF, as urged for in the guidelines of the European Society of Cardiology (ESC) 11 and the American College of Cardiology Foundation/American Heart Association. 12 In a previous study, we characterized the haemodynamics of patients at rest and exercise, before and after heart transplantation (HT), and found that post-operative resting haemodynamics improved and were maintained throughout the first year after HT. 13 The aim of the present study was to additionally investigate the plasma levels of ECM proteins in relation to improved haemodynamics before and 1 year after HT, to identify target ECM proteins that may be linked to end-stage HF and PH, resolved in response to HT.
Methods

Blood samples and population selection
The present study was based on blood samples collected between October 2011 and February 2017 and stored in the Lund Cardio Pulmonary Register cohort of Region Skåne's biobank, initiated by Göran Rådegran 2011. Venous blood has been collected from participants (≥18 years), comprising healthy controls and heart transplant recipients before HT and during the 1 year follow-up after HT, stored at À80°C.
Twenty healthy controls and 29 patients with underlying HF with or without additional PH were included. Controls without a past medical history of myocardial infarction (MI), HF, diabetes mellitus, or atrial fibrillation were included.
Patients with missing haemodynamic values or persisting PH at the 1 year follow-up after HT were excluded (n = 3).
The study was performed in accordance with the Declaration of Helsinki and Istanbul and approved by the regional ethical board in Lund, Sweden (diary numbers 2010/114, 2010/442, 2011/368, 2011/777, 2014/92, and 2015/270). All participants provided informed written consent.
Plasma protein analysis and storage
Twenty ECM plasma proteins and N-terminal pro brain natriuretic peptide (NT-proBNP) were analysed with proximity extension assay using Proseek Multiplex immunoassay reagent kits (Cardiovascular disease II, III, and Oncology II panels) using fixed plasma volumes from participants (Olink proteomics, Uppsala, Sweden). 14 From the three panels, ECM proteins were extracted and included as a category, comprising collagen 1 alpha-1 (I) chain, cysteine-rich angiogenic inducer 61, decorin, glypican-1, integrin α-V, integrin β-2, integrin β-5, matrix metalloproteinase (MMP)-2, MMP-3, MMP-7, MMP-9, MMP-12, melusin, metalloproteinase inhibitor 4, perlecan, prolargin (proline/arginine-rich end leucine-rich repeat protein), syndecan-1, thrombospondin-2, vascular endothelial cadherin (VE-cadherin), and WNT1-inducible-signalling pathway protein 1 (WISP-1). Internal controls were added to each sample, and external controls were added as separate samples for protein level normalization and to adjust for inter-plate variations, respectively. Levels of the circulating proteins are expressed in arbitrary units, which reflects a linear normalized protein expression scale.
Plasma protein storage was standardized according to the procedures at our laboratory at Skåne University Hospital in Lund, Sweden. To ensure validity of results, the levels of plasma proteins were compared when stored for less than a year, 1, 2, 3, 4, and 5 years in each group (controls, pre-HT, and post-HT). Also, each protein was compared in all analysed groups for consistency. No clear pattern due to storage time or variation in distribution could be concluded.
Assessment of haemodynamics, renal function, and demographic characteristics
Haemodynamics were measured in supine position before HT and at the routine follow-up 1 year after HT with right heart catheterization (RHC), using a Swan Ganz catheter (Baxter Health Care Corp, Santa Ana, CA), inserted predominantly via the right internal jugular vein. PH due to left heart disease (PH-LHD), diagnosed by experienced cardiologists, was defined according to current ESC/European Respiratory Society guidelines as a pulmonary artery wedge pressure (PAWP) >15 mmHg, at a mean pulmonary artery pressure (mPAP) ≥25 mmHg. 4 as a diastolic pulmonary pressure gradient (DPG) <7 mmHg and/or pulmonary vascular resistance (PVR) ≤3 WU (wood units), and combined post-capillary and pre-capillary PH was defined as DPG ≥7 mmHg and/or PVR >3 WU. 4 During RHC, mean arterial pressure, mPAP, mean right atrial pressure (MRAP), PAWP, systolic pulmonary artery pressure (SPAP), diastolic pulmonary artery pressure (DPAP), arterial oxygen saturation (SaO 2 ), and mixed venous oxygen saturation (SvO 2 ) were measured. Cardiac output (CO) was measured with thermodilution. 4 Unless a LV assist device was used as a bridge to HT, the haemodynamic data closest to HT were used if more than one RHC was performed.
Haemodynamic parameters were calculated using the following formulae: cardiac index (CI) = CO/body surface area; stroke volume index (SVI) = CI/heart rate; DPG = DPAP À PAWP; transpulmonary pressure gradient = mPAP À PAWP; PVR = transpulmonary pressure gradient/CO; pulmonary arterial compliance = stroke volume/ (SPAP À DPAP); LV stroke work index (LVSWI) = (mean arterial pressure À PAWP) × SVI; and right ventricular stroke work index = (mPAP À MRAP) × SVI.
The creatinine-based estimation of glomerular filtration rate (eGFR) of patients at the time of RHC was calculated using the revised Lund-Malmö formula. 15 Arteriovenous 17 ; Cpc-PH, combined post-capillary and pre-capillary PH; eGFR, estimation of glomerular filtration rate; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; HT, heart transplantation; Ipc-PH, isolated post-capillary PH; IQR, interquartile range; NT-proBNP, N-terminal pro brain natriuretic peptide; PH-LHD, pulmonary hypertension due to left heart disease. a One patient had severe orthopnea during right heart catheterization when blood samples were collected, and pulmonary artery wedge pressure could not be measured. However, a second right heart catheterization as a part of the pre-HT evaluation revealed that the patient had Ipc-PH. † P < 0.0003; FDR < 0.01, vs. controls. ‡ P < 0.0003; FDR < 0.01, vs. pre-HT.
oxygen difference was calculated from SaO 2 , SvO 2 and haemoglobin. HF and immunosuppressive medications were based on the current consensus statement of ESC and The International Society of Heart and Lung Transplantation 11, 16 ( Table 1) .
Study set-up
To determine the relevance and relative importance of the various ECM plasma proteins, two criteria were applied: (i) a significant change in levels post-HT vs. pre-HT as well as in pre-HT vs. the controls and (ii) post-HT levels that develop towards the controls' plasma levels, displaying a pattern of normalization ( Figure 1A) . These criteria excluded proteins whose alterations did not correspond to the development of NT-proBNP levels and invasively measured haemodynamics. Next, to explore the presence of associations between the parameters' dynamics, correlations of changes between the proteins' levels and the improvement in haemodynamics were performed ( Figure 1B) . ECM proteins were ranked according to the number of correlations present ( Figure 1C and D).
Statistical analysis
Descriptive continuous variables are presented as median (interquartile range). Wilcoxon signed-rank test and
Mann-Whitney U test were used as appropriate. Tukey's fence was used to define outliers. Correlations were expressed by Spearman's rank coefficient (r s ). To accommodate for mass significance, the two-stage step-up method of Benjamini, Krieger, and Yekutieli was used to calculate the false discovery rate (FDR) with a Q value of 1% for demographics, ECM plasma proteins, and haemodynamic parameters and 10% for correlations. 18 P values less than the thresholds assessed by FDR were considered statistically significant. All analyses were performed using GraphPad Prism version 8.00 (GraphPad Software, La Jolla, California, USA, www.graphpad.com).
Results
Study population
Clinical and demographic characteristics of controls and heart transplant recipients are summarized in Table 1 . The main underlying aetiology of the HF patients was dilated cardiomyopathy (65.4%), followed by ischaemic and hypertrophic cardiomyopathy or other (11.5%, respectively). NT-proBNP was higher pre-HT compared with controls and decreased post-HT towards controls' levels (P < 0.001; FDR < 0.01). Plasma creatinine (P = 0.49) and creatinine-based eGFR (P = 0.15) did not change pre-HT vs. post-HT (FDR < 0.01) ( Table 1) . 
Extracellular matrix protein selection and qualification
The levels of 10 out of 20 ECM proteins were higher in severe HF patients before HT vs. controls and decreased following HT in the direction of the controls' levels, meeting the inclusion criteria [ Figure 1(A) ]. The 10 qualified ECM proteins were decorin, MMP-2, MMP-9, MMP-12, perlecan, prolargin, syndecan-1, thrombospondin-2, VE-cadherin, and WISP-1 (P < 0.008; FDR < 0.01) ( Table 2 ). The ECM proteins that failed to meet either of the criteria were disqualified for correlation analysis (Figure 1 , Table 2 ).
Haemodynamics and correlations of change
Haemodynamic improvement was characterized by a decrease post-HT in mPAP, PAWP, MRAP, and PVR, as well as an increase in pulmonary arterial compliance, CI, SVI, and LVSWI ( Table 3 ). The Δ (delta; post-HT À pre-HT values) of the plasma proteins levels that met inclusion criteria correlated with the Δ of NT-proBNP and nine haemodynamic parameters, which improved following HT ( Table 4 ).
The decrease in plasma levels post-HT of prolargin, MMP-2, decorin, and WISP-1 correlated with improvement in one or more haemodynamic parameters and NT-proBNP following HT (Figures 2A and 3A , Table 4 ). ΔProlargin correlated with improved MRAP (r s = 0.63), SVI (r s = À0.73), CI (r s = À0.64), LVSWI (r s = 0.49), and NT-proBNP (r s = 0.7) ( Figure 2) . ΔMMP-2 correlated with improved mPAP (r s = 0.58), PAWP (r s = 0.48), MRAP (r s = 0.56), and NT-proBNP (r s = 0.56) (Figure 3 ). ΔDecorin correlated with improved MRAP (r s = 0.53), LVSWI (r s = À0.53), and NT-proBNP (r s = 0.66), whereas ΔWISP-1 correlated with the Δ of MRAP (r s = 0.67) and NT-proBNP (r s = 0.78) ( Figure 3) (P < 0.02; FDR < 0.1) ( Table 4) . Notably, PVR correlated with the decrease in MMP-2 post-HT, yet not significantly (r s = 0.46, P = 0.022). The Δ of MMP-9 and MMP-12, perlecan, syndecan-1, thrombospondin-2, and VE-cadherin did not correlate with improved haemodynamics after HT ( Table 4 ).
Discussion
An important gap in the management of HF constitutes evidence for new therapies targeting 'non-myocytic compartments', involving anti-fibrosis and ECM remodelling. 11 Identifying the dynamics of plasma ECM proteins reflecting matrix remodelling, considered as one of the major classes contributing to the biomarker profile in HF patients, 1 may establish a crucial step towards achieving new treatment Table 4 Correlations of changes (Δ: delta) between plasma extracellular matrix proteins and haemodynamics as well as N-terminal pro brain natriuretic peptide strategies. By utilizing the unique reversibility potential of HT on HF and related PH, we found that plasma prolargin, MMP-2, decorin, and WISP-1 developed in accordance with recovered heart function. In specific, prolargin and MMP-2 correlated with a wide range of improved haemodynamic parameters. Prolargin and MMP-2 may therefore offer insight into new treatment strategies in HF and related PH, in addition to their potential pathophysiological significance.
Prolargin or proline/arginine-rich end leucine-rich repeat protein belongs to the family of small leucine-rich repeat proteoglycans, expressed in collagen-rich tissues. 19 According to the open-source database Human Protein Atlas (HPA) (proteinatals.org), prolargin RNA expression is abundant in a variety of tissues including cardiac muscle, lung tissue and smooth muscle. However, this data is based on non-neoplastic and morphologically normal surgical material, where tissue remodeling,degradation and inflammation may still be present. 30 Although highly unexplored, prolargin functions through direct inhibition of all complement pathways (classical, lectin, and alternative) by interfering in the formation of membrane attack complex. This has highlighted its potential function in limiting the inflammatory milieu of certain diseases, such as rheumatoid arthritis. 20, 21 Intriguingly, accumulating evidence implicates complement activation as an important pathogenic mechanism in HF including cardiac remodelling. Activation of all complement pathways is systemically up-regulated in congestive HF patients compared with healthy controls and negatively associated with improved LV ejection fraction. 22 Herein, we report that plasma prolargin levels were elevated in severe HF before HT, potentially counteracting the complement activation in HF. Theoretically, this increase may exert a protective role against adverse cardiac remodelling resulting in impaired haemodynamics ( Figure  4) . 23 This is supported by our findings as decreased levels of prolargin in response to HT correlated with improved CI, SVI, LVSWI, MRAP and decreased NT-proBNP.
Treatment with complement inhibition has previously been investigated in both animal models and patients. A systematic overview of early clinical trials using pexelizumab, an inhibitor of complement factor C5, on patients with ST-elevation MI or coronary artery bypass graft demonstrated a mortality reduction. 24 However, the subsequent APEX-AMI trial failed to show any beneficial effects. 25 It was later concluded that this inconsistency in the effect of pexelizumab may be ascribed to the use of inadequate concentrations, a late administration that precludes beneficial effects of complement inhibition following myocardial injury or other alternative mechanisms. 26, 27 Thus, complement inhibition needs to be further investigated and may still be a plausible alternative treatment in HF. Given the important role of inflammation, where the complement system is involved, in cardiac remodelling and progression of HF, 28, 29 it is reasonable to assume that treatment with prolargin may be a future alternative to explore in HF studies, as it may have additional or alternative mechanisms of complement inhibition compared with pexelizumab. However, whether increased prolargin is ascribed to HF and its circulating plasma levels are representative of the expression in cardiac tissue in advanced HF remain to be established.
MMP-2 belongs to the zinc-dependent endopeptidase superfamily that participate in ECM degradation and remodelling. 31 According to HPA, both RNA and protein expression of MMP-2 is found in cardiomyocytes, smooth muscle cells, lung tissue and other organs. 30 MMP-2 seems to be involved in the pathogenesis of hypertension, cardiac remodelling following myocardial injury and healing, as well as pressure overload. [31] [32] [33] [34] [35] Myocardial expression of MMP-2 has been shown to be increased in both experimental and clinical studies of HF and pressure overload. 32, 33 In addition to previously observed elevated plasma MMP-2 expression in congestive HF patients, 34 congruent with our findings, we provide further evidence that plasma MMP-2 decreases to the levels of healthy controls after HT. Interestingly, deletion of MMP-2 in mice decreased myocardial remodelling in response to pressure overload 32 but also attenuated early LV rupture and late cardiac remodelling following MI. 35 Consistent with its detrimental effects on cardiac tissue, MMP-2 cleaves the precursor big endothelin-1 to form endothelin-1 yielding vasoconstriction, suggesting MMP-2 to be involved in the regulation of vascular tone and reactivity. 31, 36 Interestingly, an increase in endothelin-1 expression is a hallmark of endothelial dysfunction, implicated in the pathogenesis of PH-LHD. 37, 38 Moreover, a recent study revealed that angiotensin-II-induced endothelial dysfunction, and vascular injury and remodelling were dependent on the expression of MMP-2 in the small mesenteric artery. 31 Pulmonary vascular remodelling, including arterialization of pulmonary veins, but also intimal thickening and media hypertrophy which are characteristic of pulmonary arterial hypertension pathology, was shown in patients with PH associated with HF irrespective of ejection fraction. 5, 39 Thus, vascular remodelling in end-stage HF may be influenced by an elevation of MMP-2 before HT, supported by ΔMMP-2 correlation with ΔPVR. As decreased MMP-2 was associated with improved PVR that if fixed preoperatively may impose a contraindication for HT, 40 there is a potential for MMP-2 to be a part of a multimarker panel as a biomarker to assess the reversibility potential of PVR. This is of importance as druginduced reversibility testing of PVR has the drawback of systemic hypotension. 41 However, such investigation needs a larger population and an early post-transplant follow-up, as reduction in PVR is most abundant within the first month 42 and is maintained throughout the first year after HT. 13 Additionally, MMP-2 may be a marker related to HF aggravation and passive pulmonary congestion, as indicated by the correlation of ΔMMP-2 with ΔNT-proBNP, ΔMRAP respectively ΔPAWP and ΔmPAP (Figure 4) . Whether the cardiopulmonary expression of MMP-2 is a main source of circulating MMP-2 levels in end-stage HF and/or PH-LHD remains to be elucidated.
There is extensive evidence supporting the critical role of TGFβ in cardiac injury, repair, and remodelling. For instance, blockage of TGFβ in a rat model of cardiac pressure overload prevented myocardial fibrosis and reversed LV diastolic dysfunction. 43 Decorin has anti-fibrotic effects, through interaction with TGFβ and its downstream effector connective tissue growth factor (CTGF), decreasing collagen III production. 19 Interestingly, smad3 signalling mediates TGFβ1-induced CTGF expression and is essential for the pathogenesis of cardiac remodelling. 44, 45 In the present study, given that decorin levels were high in severe HF patients compared with controls and decreased following HT, a decrease that was associated with improvement in MRAP, LVSWI, and NT-proBNP, it is reasonable to hypothesize that higher levels of plasma decorin may have a cardioprotective role in HF by inhibiting the profibrotic activity of TGFβ and its effector CTGF, possibly in a smad3-dependent manner, attenuating adverse cardiac remodelling.
Moreover, WISP-1 is a member of the CCN family of growth factors, expressed by epithelium, heart, and lungs. WISP-1 stimulates angiogenesis by regulating VEGF-A in osteosarcoma, 46 and WISP-1 up-regulation has been observed following MI. In addition to its proposed role in cardiac remodelling, 47 we found that plasma WISP-1 was elevated in end-stage HF and that its decrease after HT was associated with reversal of pressure and volume overload. Although WISP-1 expression is implicated in tissue repair, its relationship with different signalling pathways may mediate pulmonary fibrosis in mice and promote tumorigenesis. 48 Whether increased expression of WISP-1 acts as a friend or foe in end-stage HF with or without related PH remains, however, uncertain. Notably, other ECM proteins including other MMPs and proteoglycans, showing a similar plasma expression pattern as prolargin, MMP-2, decorin, and WISP-1 that did not correlate with haemodynamics, may, however, also be collectively linked to the severity, progression, alleviation, or pathophysiology of HF with or without concomitant PH.
Although we consider the use of RHC and proximity extension assay as major strengths of our study, there are limitations worth addressing including the small and single centred nature of the study, as well as the somewhat younger controls. However, the number of the patients is in line with other similar studies, and controls are not required in pre-post studies. Although we found no change in the patients' eGFR in response to HT, implying a minimal influence on plasma ECM protein expression, plasma levels may still be affected by patients' co-morbidities, medications, or age. For instance, a large proportion of the preoperative population was prescribed both β-blockers and angiotensinconverting enzyme inhibitors, which are known to reduce adverse cardiac remodelling. 49 In addition, the effect of immunosuppressive agents was not accounted for. To enable a reliable statistical adjustment for medications and other parameters, a larger sample size is required. However, as the present work is an initial hypothesis-generating study, it is intriguing to map the plasma protein development including the potential influence of medications during HF and after HT.
To note, the present study does not address causality. To provide insight into the origin of expression and causality, future studies are needed to investigate whether plasma proteins are associated with altered tissue expression, specifically in the endothelium, heart and lung. Despite these limitations, our study offers new insights into important proteins that may be related to the pathophysiology of HF and related PH and may affect future treatment strategies.
In conclusion, the present study identifies the dynamics in HF, prior to and after HT, of plasma ECM proteins including prolargin, MMP-2, decorin, and WISP-1. Specifically, the normalization pattern in HF patients of plasma prolargin and MMP-2 post-HT towards controls' levels and their associations with improved haemodynamics indicate that MMP-2 and prolargin may reflect, in part, the aberrant ECM remodelling functional in HF and related PH. Prolargin may potentially be cardioprotective in HF, as indicated by its established anti-inflammatory effect through complement inhibition. Higher plasma MMP-2 was associated with impaired haemodynamics and may thus be related to aggravation of HF and pulmonary vascular disease including passive pulmonary congestion. Thus, ECM-related plasma proteins, particularly prolargin and MMP-2, may be of specific interest as biomarker candidates for further research in the pathophysiology and future treatment of severe HF and related PH. Although causality and cardiovascular origin are yet to be proven, the present study identifies important dynamics of ECM proteins that may affect future management of HF and associated PH.
